Abstract-New software tools are being developed incorporating the most accurate theoretical calculations and experimental data available for crucial and not-yet-considered physics processes specific to muon accelerators. This will substantially enhance the confidence that the tools used in assessing the feasibility of a muon collider or a neutrino factory accurately represent the performance of a real machine. Current status and progress are reported.
High Energy Physics relies on particle accelerators of the highest energy to discover and elucidate the fundamental forces of nature. The most promising path to the energyfrontier machine to follow the Large Hadron Collider has yet to be determined. Electron-positron colliders are limited in center-of-mass energy because of radiative processes. Proton colliders, because of the composite nature of the proton, must have even higher energy and will require enormous amounts of real estate. In contrast, a muon collider of up to 6 TeV center-of-mass energy could potentially fit on the current site of the Fermi National Accelerator Laboratory (Fermilab).
New computational tools are essential for accurate modeling and simulation of the next generation of muon-based accelerator experiments at the energy and intensity frontiers. This article summarizes the current effort in development of new tools based on modern software frameworks and incorporating the most accurate theoretical calculations and experimental data available. Crucial physics processes specific to muon accelerators are implemented in the set of modeling tools. These include such specialized processes as collective and plasma effects in matter, multiple scattering in high magnetic fields, and the influence of ionization-cooling absorbers on standard collective effects such as space charge and wake fields.
There are two common types of general beam-physics simulation codes: single-particle codes that integrate the equations of motion for every single particle passing through the system, and transfer map codes that evaluate the effect of the magnetfield lattice on the particles first by producing the so-called transfer map, and then applying it to a given initial distribution of particles. Both types of established codes are improved and advanced. Specifically, for addressing muon accelerator modeling problems G4beamline [1] and COSY Infinity [2] are selected.
G4beamline is chosen for its flexibility and modularity promoting development of new computational tools. In addition, G4beamline is one of the de facto standard codes used by the muon community. As such, it has implemented a large number of relevant processes already, so improvements will contribute immediately. COSY was selected for its speed, ability to produce high-order transfer maps and also control individual aberrations, which is essential for the large emittance beams under consideration. Further, at the language level COSY has the advantage of built-in optimization tools.
G4BEAMLINE
G4beamline is a single-particle-tracking simulation program optimized for beamlines, which is based on the Geant4 toolkit [3]. G4beamline has a large library of common elements used in particle accelerators and detectors. Particles are tracked using the full accuracy of the Geant4 toolkit. To permit tradeoffs between accuracy and computation time, several different models for hadronic interactions as well as a large amount of experimental data are available for use by the more detailed models. The result is that G4beamline can provide a realistic assessment of how the system will behave. To assist the user in verifying that the simulated system accurately represents the real system, extensive visualization capabilities are included in G4beamline.
A number of processes such as energy-loss straggling model, energy loss in the matter for high-energy muons, collective and plasma effects in matter, multiple scattering in high magnetic field, and the influence of ionization-cooling absorbers on standard collective effects such as space charge are either missing or not implemented to the desired level of confidence in G4beamline. The list of these processes is being prioritized, and the most crucial processes are being implemented (or interfaced with G4beamline if exist in other software packages).
The first process addressed was that of multiple scattering in the magnetic field. Extensive studies were performed to cover a range of materials and magnetic fields from 0 to 100 T in order to identify the effect and the size of the required physics step in the code that produced consistent results. Based on the study outcomes, an algorithm automatically limiting the value of maxStep depending on the absorber material properties and the magnetic field strength was implemented in G4beamline.
Associated with the first problem was the issue of the tail of the multiple scattering distribution in the presence of a strong magnetic field not being consistent between the Moliere model and the discrete scattering approach producing a more trustworthy results but too slow to be used for production runs.
A study was carried out recreating the problematic lattice, and it was concluded that the new scattering model based on the Lewis theory implemented in the current version of G4beamline follows the tail of the discrete scattering distribution much more closely than the old Moliere model. At present, there is a change of focus toward studying the ionization effects in the absorber matter caused by the muon beam passing through. Ionization changes material properties; that, in turn, affects the beam. These effects motivate further studies and detailed simulations. It was shown previously that plasma effects will not disrupt the beam, but there was no detailed study of the potential changes in the beam size reduction rate (commonly referred to as cooling) crucial for muon beam applications.
COSY INFINITY
COSY Infinity is an arbitrary-order beam dynamics simulation and analysis code. It allows the study of accelerator lattices, spectrographs, beamlines, electron microscopes, fragment separators, and other devices. It can determine highorder maps of combinations of particle optical elements of arbitrary field configurations. The elements can either be based on a large library of existing elements with realistic field configurations including fringe fields, or described in detail by measured data. COSY has its own programming language, and a differential algebra based computation engine. It includes built-in optimization at the language level. For precision modeling, design, and optimization of next-generation muon beam facilities, its features make it the ideal code. The one component that needs to be included in COSY is the algorithms necessary to follow the distribution of charged particles through matter.
Muon beams are secondary production particles and highintensity collection necessitates a large initial phase space volume. Therefore, accurate modeling of the dynamics and correction of aberrations is imperative. To study in detail some of the properties of particles passing through material, the transfer map approach alone is not sufficient. The interplay of beam optics and atomic processes must be studied by a hybrid transfer map-Monte-Carlo approach in which transfer map methods are used when there is no material in the accelerator channel, and Monte-Carlo methods when particles pass through material.
We report on implementing this new functionality in COSY Infinity that makes the code capable of studying the muon cooling and general muon accelerating systems. One other collateral benefit of extending COSY is that fast space charge algorithms currently are being implemented in the code. This increases the relevance and broad applicability of COSY for muon related studies.
